Magneto-photoluminescence measurements of individual zinc-blende GaAs/AlAs core/shell nanowires are reported. At low temperature a strong emission line at 1.507 eV is observed under low power (nW) excitation. Measurements performed in high magnetic field allowed us to detect in this emission several lines associated with excitons bound to defect pairs. Such lines were observed before in epitaxial GaAs of very high quality, as reported by Kunzel and Ploog.
is between the value of the free exciton emission energy and E ZB G . 17 The variation in the reported emission energy can be, for example, due to strain 17 or the different excitation power used in the experiment which can induce a shift of the line due to screening.
On the other hand, for ZB GaAs NWs with diameter of the order of 100 nanometers, where confinement effects can safely be neglected, one would expect the emission spectra to correspond to those observed in epitaxial GaAs. It is known that in high quality GaAs samples the emission exhibits complex excitonic structure composed of free exciton X, and various donor-bound and acceptor-bound excitons, free electron-neutral acceptor recombination and neutral-donor neutralacceptor pair recombination. 18 Very high optical quality GaAs, possibly linked to the use of As 4 flux during MBE growth, exhibits a large number of reproducible emission lines over a narrow energy range 1.504 − 1.511eV (the so-called KP series first reported by Kunzel and Ploog). 19 While these lines have been linked to emission from excitons bound to defect pairs with different separations, possibly a carbon acceptor paired with another acceptor, the exact nature of the recombination centers involved remains controversial. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In epitaxial GaAs these emission lines are observed over a very small energy range with extremely sharp line width. To date, most of the reported results of micro photoluminescence of single ZB GaAs NWs have an emission line width of the order of 10 − 20 meV . 9, 13, 17 In this paper we address the question of the excitonic character of the recombination in pure ZB GaAs/AlAs NWs which posses a significantly higher optical quality. Our samples exhibit very strong PL with a full width at half maximum of the emission line of the order of 3 meV. High magnetic field allows us to resolve a large number of emission lines which we identify with recombination of excitons bound to defect pairs with different separations, previously observed in very high quality epitaxial GaAs.
The GaAs/AlAs core/shell NWs were grown by molecular beam epitaxy (MBE) using the selfassisted vapor-liquid-solid (VLS) method, [31] [32] [33] on (111)-oriented Silicon bearing a native oxide layer, using Ga, Al, and As 4 as source materials. After water removal at 200 • C, the Si substrate was out-gassed at high temperature ( 600 • C) in a separate chamber, before being transferred into the MBE growth chamber. The growth was initiated by condensation of Ga at the defects in First we analyze the data obtained without magnetic field in order to characterize the investigated NWs. In Figure 3 (a) a color plot of the PL spectra as a function of position along the NW is presented. Under the excitation conditions (power) used the observed emission energy is dominated by emission close to the energy of the free exciton recombination in GaAs (indicated in the figure by the solid blue line). Importantly, the spectra do not change as a function of position along the NW which confirms that it posses a pure ZB structure. 9, 13 In Figure 3 for integration times ≥ 100 ms. Strong room temperature emission has previously been reported for macro-PL on a large number of ZB GaAs NWs with slightly different diameters and different lengths. 34 Linear polarization resolved measurements can also be used to differentiate between ZB and WZ structure. It is well established that for a pure ZB crystal structure for excitation and detection along the NW the free exciton emission is much stronger than for excitation and detection across the NW. 17, 35 A strong polarization anisotropy was also observed in InP NWs 36 and is the result of the dielectric mismatch between the NW and its surrounding, which leads to the suppression of the component of the electric field perpendicular to the NW. 35 This is not the case for NWs with WZ crystal structure, where the c-axis of the crystal is oriented along the long axis of the NW and the optical selection rules require that the free exciton emission is allowed only if the dielectric dipole moment is perpendicular to the c-axis of the crystal. This results in emission from WZ NWs which is strongly polarized across the NW. 37, 38 The measured linear polarization of the free exciton emission from the NW is presented in Figure 4 (a-b). A linearly polarized excitation was used with the polarizer always aligned along the NW which corresponds to maximum PL emission. The linear polarization was analyzed by rotating the linear polarizer for detection with respect to the excitation polarizer. In Figure 4(a-b) the emission spectra as a function of angle are presented together with the integrated intensity. We observe minima in the amplitude of the collected emission for the configuration in which the polarization of the emission is orthogonal (crossed) with the polarization of the excitation, and maxima when the polarizers are parallel. Thus the polarization resolved measurements confirm that the investigated NW consists of a pure ZB structure.
Typical µ-PL spectra of a single GaAs/AlAs core/shell NW measured for different excitation power are presented in Figure 5 the emission in all samples investigated. 28, 29 These lines were identified with emission from excitons bound to defect pairs with different separations. Confinement effects can be neglected for our 100 nm diameter (core) NWs so that the PL results can be directly compared. We focus for the moment on the PL taken at the lowest power for which two lines are observed. The strong line at 1.507 eV which we attribute to broadened emission from excitons bound to defect pairs (the energy corresponds almost exactly to the strong line 14 in the KP series). Indeed, upon closer inspection we find that this line consists of a double peak with a number of shoulders suggesting that it is made up of a large number of broadened lines. The weaker line around 1.514 eV can be associated with the recombination of an exciton bound to a neutral acceptor (A 0 − X). With increasing power the amplitude of the A 0 − X emission increases with respect to the bound exciton-defect pair emission with an increasing contribution from free exciton emission at higher powers. Further increase in the power induces a red shift of the free exciton emission towards the GaAs band gap energy presumably due to the screening of the exciton binding energy at high carrier densities. The line at 1.507 eV associated with excitons bound to defect pairs was not observed in previously published data, possibly due to either the excitation power used or the larger linewidths. 9, 13 Further support for our assignment of the 1.507 eV line to bound exciton-defect pair recombination is provided by the µPL data in magnetic fields as high as 23.5 T. The spectra were acquired at T = 1.7 K using low power excitation under which the line at 1.5069 eV dominates the zero field spectrum. In Figure 6 we show a color plot of the differential PL obtained by subtracting a suitably averaged PL spectra. 39 With increasing magnetic field the intensity of the emission increases dramatically, accompanied by a reduction in the line width. Several emission lines can be seen that exhibit a large diamagnetic shift (∝ B 2 ) at low fields, which becomes linear in high magnetic fields. The observed energetic position and shift with magnetic field corresponds exactly to that of the strong line 14 of the bound exciton-defect pair recombination reported by Skolnick and co-workers, 29 in high quality MBE grown GaAs, indicated by the symbols in Figure 6 . Strong features observed in the bound exciton-defect pair spectrum in GaAs are indicated by white arrow heads in Figure 7 and labeled using the notation of Skolnick and co-workers. 29 In Figure 7 at high magnetic fields some lines do not extrapolate correctly to zero field because their diamagnetic shift is slightly different from that of the 1.5069 eV line used for the correction. It should be noted that subtracting the diamagnetic shift has no effect on the energetic position of the lines at B = 0, which should be used for the comparison. Clearly our data reproduces quite nicely the prominent features of the bound exciton-defect pair spectrum of epitaxial GaAs.
In GaAs the Zeeman splitting of the peaks is well described using an effective spin Hamiltonian for an S = 1/2 electron and a J = 3/2 hole in orthorhombic symmetry involving isotropic and anisotropic hole g-factors together with crystal field parameters which can give rise to a zero field splitting. 29 In our measurements the magnetic field is applied perpendicular to the NW i.e. perpendicular to the <111> growth direction. However, the orientation of the magnetic field within the (111) plane is unknown so that we are unable to compare our results with the detailed predictions of the effective spin Hamiltonian.
To conclude, we have observed emission lines in the photoluminescence of single core/shell
GaAs/AlAs NWs with a pure zinc-blende structure in the energy range 1.504 − 1.511eV. The magnetic field dependence of the emission allows us to unambiguously identify the emission with the recombination of excitons bound to defect pairs with different separations, previously observed only in very high quality MBE grown GaAs. This, together with the strong PL emission at room temperature demonstrates the very high optical quality of our GaAs NWs. The NWs, which can easily be dispersed onto a Si substrate, should open the way for numerous optoelectronic applications based on the well established Si device technology.
